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Storage and Pathways
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1School of Geosciences, University of Edinburgh, Edinburgh, UK, 2Institute of Geophysics, Space Science and Astronomy,
Addis Ababa University, Addis Ababa, Ethiopia
Abstract The Main Ethiopian Rift is part of the East African Rift with its unique geological setting as
an active continental breakup zone. The Main Ethiopian Rift includes a number of understudied active
volcanoes with potentially high risks for this densely populated part of Ethiopia. Using newly recorded
(2016) magnetotelluric data along a 110 km long transect crossing the whole rift, we present a regional
2-D model of electrical resistivity of the crust. The derived model endorses a previous study that drew the
surprising conclusion that there was no highly conductive region associated with a magma chamber directly
under the central rift volcano Aluto. This has implications for the estimation of the amount of magma
present, its water content, and the storage conditions, as the volcano is actively deforming and results from
seismicity and CO2 degassing studies all indicate magma storage at about 5 km depth. Additionally, the
existence of a strong conductor under the Silti Debre Zeyt Fault Zone approximately 40 km to the northwest
of the rift center is conﬁrmed. It is located with a slight oﬀset to the Butajira volcanic ﬁeld, which hosts a
number of scoria cones at the boundary between the NW plateau and the rift. The magnetotelluric model
reveals diﬀerent electrical structures below the eastern and western rift shoulders. The western border is
characterized by a sharp lateral contrast between the resistive plateau and the more conductive rift bottom,
whereas the eastern ﬂank shows a subhorizontal layered sequence of volcanic deposits and a smooth
transition toward the shoulder.
1. Introduction
Deep electromagnetic sounding techniques such as magnetotellurics (MT) are formidable tools for imaging
magmatic systems. The capacity ofMT to characterize the subsurface electrical conductivity structure through
measurements of the electromagnetic ﬁeld at the surface contributes to the understanding of the plumbing
system and magma storage in the crust and upper mantle, as electrical conductivity (or its inverse, electri-
cal resistivity) is a rock parameter very sensitive to the presence of ﬂuids and melt in the rock matrix. MT can
usefully be combined with other geophysical methods such as seismology or GPS and deformation studies
that characterize the mechanical properties of the rocks. Several examples of MT studies have been reported
that identify conductive anomalies associated with zones of accumulated magma below active volcanoes,
both at depths between 3 and 6 km and deeper in the lower crust. A prominent example in a continental arc
setting is the massive lower crustal Altiplano-Puna magma body in the central Andes (Comeau et al., 2015),
which has been interpreted as the very hydrous source of multiple andesitic and dacitic lava ﬂows in sev-
eral volcanic centers. Recent MT studies in areas with rift-related volcanism include Hengill, Iceland (Árnason
et al., 2010; Rosenkjaer et al., 2015) where a good electrical conductor at 4.5 km below sea level was detected;
Eyjafjallajökull, Iceland (Miensopust et al., 2014; Sigmundsson et al., 2010) with a highly conductive feature at
depth and the Taupo Volcanic Zone in New Zealand (Bertrand et al., 2013, 2015; Heise et al., 2010) where both
the Rohaki geothermal ﬁeld and Ohaaki volcano are associated with good conductors at depth.
MT studies in the East African Rift and Afar in Ethiopia have a tradition as part of multidisciplinary investi-
gations of the volcanism related to rifting processes. Previous surveys have highlighted the capability of MT
to quantify the amount of magma present in the subsurface. Desissa et al. (2013) and Johnson et al. (2015)
estimatedmagma volumes below theManda-Hararo magmatic segment in Afar based on the observation of
very high conductivities using models that link electrical conductivity to melt fractions. Further south in the
Main EthiopianRift,Whaler andHautot (2006) found that the subsurfacewas signiﬁcantly less conductive than
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Figure 1. Topographic map of the Main Ethiopian Rift, part of the East African Rift (elevation data from
the SRTM3 shuttle mission) with the location of magmatic segments (red shapes) after Ebinger and Casey (2001);
border faults from Agostini et al. (2011; black lines); the Hawassa earthquake from January 2016 according to Wilks,
Ayele, et al. (2017; magenta star) and magnetotelluric (MT) stations from the RiftVolc 2016 experiment (yellow squares).
in Afar but that there were still conductive features located below the rift axis as well as near the rift ﬂanks.
Samrock et al. (2015) investigated the central rift volcano Aluto that surprisingly did not exhibit a mid-crustal
conductive feature, although their study indicated a conductor beneath one of the rift ﬂanks. Selway (2015)
investigated the electrical conductivity of the East African Rift and the Tanzanian Craton and in their model
also found a conductive crustal body beneath Mount Kilimajaro. MT has also been used to investigate high
enthalpy geothermal prospects within the region (e.g., Didana et al., 2015; Mwarikani, 2015; Wameyo, 2005).
In the following sections we present the analysis and interpretation of newly collected MT data along a
cross-rift proﬁle traversing Aluto volcano. A 2-D inversion model images the electrical resistivity structure of
upper and middle crust of the Central Main Ethiopian Rift (CMER).
2. The Study Area in the Ethiopian Rift
The NE-SW trendingMain Ethiopian Rift (MER, Figure 1) constitutes the youngest leg of themid-ocean ridges
and rift meeting at the Afar triple junction and is the southern continuation of this active continental breakup
zone (Corti, 2009; Furman et al., 2006). The rifting process is characterized by multiple modiﬁcations of the
crust. Weakening is caused by heating via dike intrusions (Daniels et al., 2014), whereas cooled gabbroic intru-
sions can increase crustal strength (Beutel et al., 2010). In theMER, recent volcanism is concentrated in the rift
center, whereas somemechanical stress is released on the border faults of the rift shoulders. Strain andmag-
matism are segmented along the rift axis (Ebinger & Casey, 2001), and active volcanoes are positioned above
Quaternary magmatic segments close to the axis (Rooney, 2010). The extension rate of about 6 mm/year in
the CMER (Kogan et al., 2012) is accompanied by a moderate number of smaller earthquakes (ML < 3, e.g.,
Wilks, Kendall, et al., 2017), but occasionally larger events on the border faults are recorded. Recently (on 26
January 2016), a 4.5magnitude earthquakewas located andwidely felt nearHawassa (Wilks, Ayele, et al., 2017;
see Figure 2).
Our study area is in the lakes region of the CMER (see Figure 2). Here, the Moho depth is estimated at
between 36 and 42 km below the rift and the eastern shoulder but thought to be thinner under the SW
shoulder and the Debre Zeyt (Bishoftu) volcanic ﬁeld to the NW (Stuart et al., 2006). The CMER hosts sev-
eral active volcanoes with caldera ediﬁces (Peccerillo et al., 2003) and a large number of monogenetic vents
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Figure 2. Map of the study area (black square in Figure 1) with the location of Aluto and Corbetti volcanoes as well as
the Gademotta caldera (red circles/arcs), earthquakes recorded in the EAGLE experiment (cyan circles) after Keir et al.
(2006), and volcanic vents (red dots) from Mazzarini and Isola (2010). Faults on the eastern side of Aluto belong to the
Wonji Fault Belt, to the west to the Silti Debre Zeyt Fault Zone (SDZF).
(Mazzarini et al., 2016; Rooney, 2010), and sources of hydrothermal activity. Pulse-like surface deformation
events on a number of volcanoes located on the central rift axis have been reported through the analysis
of satellite imagery (interferometric synthetic aperture radar, InSAR; Biggs et al., 2011) and give rise to con-
cern about potential geohazards associated with volcanic activity. The silicic peralkaline volcano Aluto has
been the target of a number of geological, geochemical, and geophysical studies undertaken in recent years
(Fontijn et al., 2018; Gleeson et al., 2017; Hutchison et al., 2015; Hutchison, Biggs, et al., 2016; Hutchison,
Mather, et al., 2016; Saibi et al., 2012; Teklemariam et al., 1996; Wilks, Kendall, et al., 2017). It is the site for a
hydrothermal power plant with three test drillings awaiting integration into the local power grid. Its 14 km
wideediﬁcewith anelliptically east-west elongate caldera rises approximately 700mabove the rift ﬂoor. Aluto
has undergone several eﬀusive eruption events and is now at a post-caldera stage with eruption products
of highly felsic composition such as rhyolitic lava ﬂows and pumice cones. There is evidence for pyroclastic
density currents with faults dissecting the volcanic complex as seen from exploration wells. Magma compo-
sition at depth is thought to be of pantellerite and comendite composition (Fontijn et al., 2018; Gleeson et al.,
2017; Hutchison, Mather, et al., 2016). Periods of deformation of Aluto have been reported from InSAR and
GPS signal analysis over the past 13 years with rapid uplift events with displacement of about 10–15 cm in
2004 and subsequent slower subsidence followed by another 10 cm uplift at the end of 2008 (Biggs et al.,
2011). This deformationwasmodeled and attributed partly to a shallow source, representing processes in the
hydrothermal system at 1- to 2 km depth and partly to a deeper source (5 km), which has been interpreted
as the location of stored magma (Hutchison, Biggs, et al., 2016). The analysis of increased CO2 degassing
along the caldera faults (Hutchison et al., 2015) also indicates a deeper source of the magmatic processes.
Seismic studies (Wilks, Kendall, et al., 2017) located increased activity at the edge of the proposed magma
storage region. Mickus et al. (2007) presented band-passed-ﬁltered gravity data that image Bouguer gravity
maxima associated with the magmatic segments located under the volcanic centers of Aluto and Corbetti
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to the SW (Figure 2). A 2.5-D model considering constraints from seismic velocity models contained a
high-density body approximately 3,000 kg/m3 in the lower crust (7–17 km) below Aluto, which was inter-
preted as a large, cooled maﬁc intrusion.
Samrock et al. (2015) performed a MT survey to investigate the electrical conductivity structure under Aluto.
They collected high-quality MT data in an array on and around the volcanic ediﬁce and identiﬁed a shallow
zone of higher conductivity as the clay cap over the hydrothermal system. There was no evidence in their
electrical conductivity model for a deeper conductive anomaly that could represent interconnected magma
storage, but the limited aperture of their station array made the detection of deeper structures a challenge.
Instead, they postulated the existence of a regional very conductive feature 40 km to the west of Aluto close
to the Silti Debre Zeyt Fault Zone (SDZF) from forward modeling of the data, which could not be explained
by any parts of the model below Aluto. The SDZF constitutes the western part of the CMER and hosts a sub-
stantial amount of Quaternary maﬁc volcanism in the form of monogenetic vents (Rooney et al., 2005, 2007;
Woldegabriel et al., 1990) in a narrow band surrounded by a wider zone of seismicity (Keir et al., 2015).
Aluto’s caldera is dissected by faults belonging to the Wonji Fault belt (WFB), which lies between the rift axis
and the eastern shoulder. It comprises a dense and complex network of short and closely spaced faults with
relatively small throw (< 100 m), steep scarps, and dense horst and graben structures with subvertical dips
(<65∘) and roughly (axis 12∘N) east-west extension (Mohr, 1967). It has noassociated increasedCO2 degassing
signature (Hunt et al., 2017). Further to the north, it is associated with Quaternary volcanism and the accom-
modation of stress through brittle deformation. This signiﬁes a shift at this stage of the rifting away from
deformation at the larger border faults (Corti, 2009). There is evidence for oﬀ-axis magmatism in the presence
of monogenetic vents (see Figure 2).
3. The Electrical Conductivity of Peralkaline Melts
The bulk electrical conductivity of a rock-melt system is dominated by the conductivity of the melt phase.
The melt conductivity is in turn dependent on composition, temperature, pressure, and ﬂuid content
(e.g., Roberts & Tyburczy, 1999) and can be investigated in laboratory settings. Laboratory experiments and
petrologicalmodeling of the electrical conductivity ofmelt andmelt-rock phases are at the center of ongoing
research (Pommier, 2014). Gaillard (2004) investigated the conductivity of hydrous and dry silicic melts and
found that themain contributor to the electrical conductionmechanism is themobility of sodium ions, which
are abundant in alkaline magmas (see also Pommier et al., 2010). Additionally, increased water content was
associated with higher conductivities through an enhancement of the ions’ mobility. The latest contribution
to the study of electrical properties of peralkaline melts is that of Guo et al. (2016), who concluded that the
water content of the melt component is the crucial factor for the electrical resistivity. They observed slightly
higher (three quarters of amagnitude) resistivities than Pommier and Le-Trong (2011) for silicicmelts andpos-
tulated an empirical relationship between melt resistivity, water content, temperature, and pressure. Using
two-phase mixing models such as those based on the Hashin-Shtrikman bounds (Hashin & Shtrikman, 1962)
that describe the geometry of the melt in the rock matrix allows for estimates of melt fraction from observed
bulk resistivities. These range from formulae for well-connectedmelt, giving theminimum fraction for a given
bulk resistivity, to those for unconnected melt pockets, when higher fractions are inferred.
4. The Magnetotelluric Method
MT probes the subsurface electrical conductivity (or its inverse, electrical resistivity) through the measure-
ment of the naturally occurring electrical and magnetic ﬁelds on the Earth’s surface that are induced by
a changing external magnetic ﬁeld. Introduced by Cagniard (1953) and Tikhonov (1950), it is now widely
used for the characterization and exploration of the subsurface from shallow depths down to the upper
mantle. The period (or its inverse, the frequency) of the electromagnetic signals, along with the electrical
conductivity of the subsurface, determines how far the signal propagates, and hence indicates an appro-
priate station separation. The skin depth, deﬁned as the depth in a uniform conductivity medium at which
the amplitude is attenuated to 1/e of its surface value, is a useful indicator of the penetration depth. Longer
periods yield deeper investigations but require longer recording times. As a passive method it is susceptible
to cultural noise caused by artiﬁcial electrical sources, vibrations, etc., but this can be somewhat mitigated
by robust data processing techniques. The horizontal electric and the vertical magnetic ﬁeld components
(Ex , Ey , andHz) are related through transfer functions to the horizontalmagnetic ﬁeld components (Hx andHy).
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Estimated as a function of period, the transfer function components embed the information about the sub-
surface resistivity distribution and hence are referred to as the data. The MT transfer function relating electric
ﬁeld components (E) to the magnetic ﬁeld (H) is called the impedance tensor (Z), deﬁned by E = ZH. The
complex components of Z can be displayed as frequency-dependent apparent resistivity (𝜌a) and phase (𝜙).
Mathematical analysis of the tensor can be used to infer the complexity or dimensionality of the underlying
electrical conductivity structure. For example, the diagonal impedance elements vanish in a one-dimensional
subsurface, and also in a two-dimensional subsurface so long as the coordinate system is aligned with geo-
electrical strike, deﬁning the direction of current ﬂow. Hence, performing a strike analysis by rotating the
coordinate system to ﬁnd the direction minimizing the diagonal impedance tensor components, and ascer-
taining whether they are vanishingly small, is often undertaken. Analysis of the phase components of Z,
known as the phase tensor, also provides dimensionality information, with the advantage that the results are
unaﬀected by galvanic (i.e., non-inductive) eﬀects in the near-surface (Caldwell et al., 2004). Galvanic eﬀects
appear in 2-D apparent resistivity data as a constant vertical oﬀset of apparent resistivity plotted as a function
of period; hence, galvanic distortion is often referred to as static shift. The inducingmagnetic ﬁeld is assumed
to be vertical, and accordingly, a nonzero induced vertical magnetic ﬁeld indicates lateral variations in electri-
cal conductivity. The transfer function between the vertical and the horizontal components of the magnetic
ﬁeld is called the tipper or vertical magnetic transfer function. Inversion algorithms are used to reconstruct
electrical resistivity models that explain the transfer function data and allow for geological interpretations.
5. NewMT Data Along a Cross-Rift Transect
In January and February 2016 new broadband MT (BMT) data at 29 sites and long period MT (LMT) data at
three sites were collected along a 110 km long transect (see Figure 2) starting near Butajira on the western
edge of the rift, crossing Aluto, and passing the WFB and the eastern border faults into the highlands near
Bekoji. Spacingbetween the sites varied between 2.5 km in the SDZF (because of the suspected higher electri-
cal conductivity there) and 5 km elsewhere. BMT datawere collected during 24 hr installations, but hadmixed
quality due to the dense population of the area leading to relatively high cultural noise levels. The LMT sites
recorded for 2–3 weeks, two of them producing usable transfer functions. Robust time series processing of
the BMT data to calculate transfer functions was performed with the algorithm of Egbert (1997); for the LMT
recordings we used the processing method of Smirnov (2003). Both impedance and tipper transfer functions
were estimated in a broad frequency range, from a maximum of 300 to 0.001 Hz at most sites; transfer func-
tions down to 0.0001 Hzwere achieved only for site LMT2 (Figures 3 and 4). Data collected in the center of the
proﬁle close to the Trans-African Highway and the greenhouse industrial complexwere generally noisier than
in the more remote areas of the ﬂanks of the rift. The amplitude and variations in the vertical component of
themagnetic ﬁeld (Hz) were very small except close to Aluto and therefore alsomore inﬂuenced by noise. Tip-
per datawere consequently neglected in the following analysis, except to note that their small values support
a 2-D interpretation of the data.
On theediﬁceofAluto,we installed four BMT stations in locationspreviously occupiedbySamrocket al. (2015).
Industrial activity in the power plant and electrical noise levels seemed to have increased since the previous
ﬁeld campaign in 2012 as the direct comparisonof the data collected at these locations showed. Nevertheless,
the derived impedance transfer functions were very similar. No systematic diﬀerences were observed that
could be associated with subsurface changes in the electrical structure in connection with the deformation
events detected by both GPS and InSAR (Hutchison, Biggs, et al., 2016).
The phase tensor (Caldwell et al., 2004), calculated from the impedance, is unaﬀected by static shift and can
be visualized through its skew (beta) angles and ellipses whose values, aspect ratio, and axes directions indi-
cate data dimensionality and geoelectric strike. Our data have very small beta values and rounded ellipses
(Figure 3). This and strike and dimensionality analysis reveal that the data are surprisingly low dimensional for
the shorter periods (up to 1 s), except directly below the volcano and for the longer periods in the western
part of the proﬁle.Weperformed a strike analysis after Zhang et al. (1987) but nodominant geoelectrical strike
angle was found (see supporting information Figure S1). The low degrees of dimensionality, supported by
the small tipper values, therefore allow for a two-dimensional (2-D) interpretation of the data. In the absence
of a well-deﬁned geoelectrical strike direction, we chose an angle of 28∘N, consistent with the trend of the
rift. Previous MT studies in Ethiopia have found dominantly rift-parallel geoelectrical strike directions (e.g.,
Desissa et al., 2013; Whaler & Hautot, 2006). The positions of the stations were accordingly projected onto a
proﬁle line perpendicular to the strike. The impedance tensor elements can be rotated into the coordinates
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Figure 3. Phase tensor from MT data along the proﬁle for all recorded periods (after Caldwell et al., 2004); the ﬁll colors
are the skew angles 𝛽 . Most stations and period ranges show low skew values (∣ 𝛽 ∣< 4∘), which justiﬁes a 2-D inversion
approach (e.g., Booker, 2014; Pous et al., 2011).
deﬁned by the strike direction to deﬁne the transverse electric (TE) and transverse magnetic (TM) modes of
induction, describing currents ﬂowing along and perpendicular to strike, respectively. For low dimensionality
data, such as in this study, the determinant average of the impedance tensor elements (DET) is also a useful
quantity, because it is rotationally invariant, that is, not dependent on the geoelectric strike direction.
Our model area was discretised into rectangular cells of constant resistivity, using standard guidelines for
cell sizes and the area modeled. For the 2-D inversion of the impedance data we used the package EMILIA
by Kalscheuer et al. (2008), which oﬀers a variety of regularization schemes for a ﬁnite diﬀerence approach
including modiﬁed rebocc (after Siripunvaraporn & Egbert, 2000). We inverted the apparent resistivity and
phase of the determinant (DET) mode and jointly the TE and TM modes starting from a homogeneous half
space of 100 Ωm. Diﬀerent half space resistivities for the starting model were tested but found not to be of
signiﬁcance to the ﬁnalmodel and to theminimum root-mean-square (RMS) achieved. In addition to themea-
surement random errors, we tested diﬀerent error ﬂoors (10%, 30%, and 90%) to account for static shift on
the apparent resistivity curves for the DET and the TE mode. Static shift on the TM or DET mode is compen-
sated for by a ﬁne model discretization between adjacent stations along the proﬁle, where the inversion is
free to introduce small near-surface heterogeneities (Pedersen & Engels, 2005). However, using the increased
error ﬂoors did not result in very diﬀerent model features and caused only minimal changes to the ﬁnal
RMS. The preferred model was obtained by inversion of the DET mode with a 10% error ﬂoor on apparent
resistivity and 2.5∘ on the phase data. Models derived from TE, TM, and joint TE TM mode inversions (see
supporting information Figures S3–S5) contain very similar features, but data ﬁt was best in the determinant
mode model.
In the inversion, we started with a model space approach with occam-style (smoothness-constrained) reg-
ularization that produced a minimum RMS of 1.18 after three iteration but would not converge further,
instead producing oscillating RMS in any further iterations. We then restarted the inversion using the model
with the lowest RMS as the starting model for a Levenberg-Marquardt inversion (Kalscheuer et al., 2010)
that stabilized the convergence and brought the RMS further down to 0.99 (see supporting information
Figure S2), signifying that the derived 2-Dmodel is able to explain the observeddatawithin the speciﬁed error
bars (see Figure 4).
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Figure 4. MT determinant data shown in pseudosection, top panel: Apparent resistivity; lower panel: Phase.
Left: Observed apparent resistivity and phase; right: Calculated data for the preferred inversion model in Figure 5.
6. The Electrical Resistivity Model Along the Transect
The preferred 2-D model along the proﬁle to a depth of 30 km is depicted in Figure 5 and reveals an asym-
metric electrical structure across the CMER. At the western end of the proﬁle, there is a strong lateral change
in electrical resistivity from themore resistive regime of the rift shoulders toward the bottom of the rift valley.
Following the proﬁle to the east, the model shows a very prominent subvertical near-surface conductor
(less than a kilometer wide) close to the SDZF zone near Butajira that is connected to a deeper and later-
ally more extensive zone of enhanced electrical conductivity (resistivity below 1 Ωm). The lower boundary
of this deeper conductor is not resolved and, at depth, it is smeared laterally by the regularization scheme.
Two distinct resistive bodies (< 500 Ωm) are located in the center of the proﬁle below Aluto and the extinct
Gademotta caldera west of Ziway (Figure 2), starting at 1 km depth and extending to below 15 km. East of
Aluto in theWFB and continuing beyond the border faults into the highlands near Bekoji, there is a sequence
of thin subhorizontal layers of alternating lower and higher resistivities up to 5 km depth. Below, a resistive
layer extends to about 15 kmdepth. Under Aluto, the subsurface is resistive at depths< 3 km, which conﬁrms
the results from the much higher-resolution 3-Dmodel from Samrock et al. (2015), but which was based on a
smaller array aperture - and hence limited depth resolution - of MT stations around the volcano ediﬁce. With
the frequency content of our data and the proﬁle length in this study, wewould have identiﬁed a deeper con-
ductive anomaly under or aroundAluto thatmight be expected from signiﬁcant amounts ofmagmaor partial
melt, known to be present from geodesy, seismology, and degassing studies, had it existed.
7. Model Assessment and Robustness of Features
In order to investigate the robustness of the deeper conducting feature below the SDZF (bearing in mind
that the data penetration depth will be restricted there), a forward modeling sensitivity test was performed.
We modiﬁed the preferred model (Figure 5) by removing the deep conductor and replacing it with material
of 15 Ωm (typical of resistivities found elsewhere along the proﬁle). Calculating the forward response, the
overall RMSmisﬁt of themodiﬁedmodel increased to 1.25. Comparing the forward responses (see supporting
informationFigures S3 andS4) of both thepreferredand themodiﬁed inversionmodel shows that thegreatest
eﬀect is seen in the apparent resistivity data above 64 s period. Additionally, there is a systematic mismatch
in the phase values for both the stations directly above and further to the east of the conductor, which are
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Figure 5. Preferred inversion model of electrical resistivity for the upper 30 km along the proﬁle with station locations
and position of major tectonic features.
better reproduced in the preferred inversion model. This conﬁrms that the presence of a deeper conductor is
required to explain data from the western-central section of the proﬁle and is in accordance with the forward
modeling of tipper data on Aluto by Samrock et al. (2015). We also tested the sensitivity of the MT data to
a conductive feature representing a shallow magma chamber under Aluto and found that the presence of
such a feature would easily be detected by the data collected above it (see supporting information Figure S3).
The overall RMSof themodel containing such a conductive anomaly is 1.86, and themismatch in the apparent
resistivity and phase curves of measured and calculated data is evident for periods < 1 s.
8. Discussion
8.1. Melt Storage Under Aluto
Recent studies of InSAR (Biggs et al., 2011), seismicity (Wilks, Kendall, et al., 2017), and GPS data studies on
Aluto and the presence and nature of CO2 degassing along the caldera faults (Hutchison et al., 2015) have all
concluded that there is a source of magmatic activity at around 5 km depth. Surprisingly, no deeper conduc-
tive anomaly below Aluto is imaged by MT. Our ﬁeld survey would have detected a magma chamber with
Figure 6. Computed electrical resistivity values for partial melt using the
empirical relationship derived by Guo et al. (2016) for peralkaline melts.
We extended the range for temperature (shaded part of the plot with
T < 560 ∘C) by interpolating from the empirical relationship found by
the authors: log 𝜎 = 2.983-0.0732w(3528 − 233.8w + (763 − 7.5w2)p)∕T ,
with 𝜎 the electrical conductivity in S/m, T temperature in K, w the H2O
concentration in wt%, p pressure in GPa. Their results illustrate that the
electrical resistivity is very strongly inﬂuenced by the water content in the
melt and can cause variations of several orders of magnitudes (values of
1 Ωm for 8 wt% H2O, but > 300 Ωm for <1 wt% H2O). Color scale of the
background is the same as for the resistivity model in Figure 5.
well-connected partial melt: the length of the proﬁle and the frequency
content of the data (LMT2 close to Aluto has stable transfer functions at
periods > 1,000 s) are more than suﬃcient to image this upper crustal
feature. From the dimensionality analysis and very small tipper values, we
conclude that there are no indicators for oﬀ-proﬁle conductors in the data,
so we consider the absence of a conductive anomaly at the proposed
depth of the magma chamber as a robust feature in our model and not
an MT resolution issue. This is in stark contrast to the situation elsewhere
in the MER and Afar, where the presence of magma is associated with an
electrically conducting subsurface (e.g., Didana et al., 2015; Johnson et al.,
2015; Whaler & Hautot, 2006). This ﬁrst order contradiction between our
MT results and other geophysical and geochemical observations gives
new insights into the storage of melt under an on-axis volcano in the
CMER. Electrical resistivity of melts involves the interplay of composition,
melt fraction, and water content. The composition of the eruptive prod-
ucts of Aluto are highly peralkaline (pantellerite and comendite, Fontijn
et al., 2018), but this might diﬀer from the current composition of melt
present at depth. Peralkaline melts have increased electrical conductivity
(compared to basaltic compositions) due to the presence of free sodium
ions (Gaillard, 2004). However, the major contributor to electrical con-
ductivity in these melts has been identiﬁed as the water content (Guo
et al., 2016). We extrapolated Guo et al. (2016) results for the lower tem-
perature and pressure regime of assumed magma storage at Aluto using
their empirical relationship between electrical resistivity, water content,
temperature, and pressure. Pre-eruptive magma conditions at Pantelleria,
Italy—the type location for rhyolithic explosive volcanism—have
beenestimated throughphase equilibrium studies byDi Carlo et al. (2010).
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Figure 7. Bulk electrical resistivity of a two-phase system depending on
the melt fraction for three diﬀerent melt resistivities (33, 10, and 3 Ωm), and
three diﬀerent mixing modes: Parallel, Hashin-Shtrikman (HS) upper bounds,
and HS lower bounds (Hashin & Shtrikman, 1962). The shaded area marks
the resistivity range observed under Aluto in the preferred model.
For the most powerful post-caldera eruption they estimated that the
magma containing 4 wt% H2O was stored at 4 km depth (100 MPa) and
680–720 ∘C. With similar water content (<4 wt%) for magma below Aluto,
resistivities for silicic melts can be 3–10 Ωm (for temperatures around
700 ∘C; see Figure 6). This would result in bulk resistivities of > 300 Ωm
for melt fractions below 10% using the Hashin-Shtrikman upper bound
(Schmeling, 1986; see Figure 7) appropriate for a poorly connected melt
such as the highly crystallized mush with potentially only small lenses of
peralkaline melt inferred beneath Aluto (Gleeson et al., 2017).
Seismic activity at Aluto from 2012 to 2014 was studied with 11 broad-
band seismometers located on and closely around the volcano’s ediﬁce
(Wilks, Kendall, et al., 2017). Most recorded events had ML ≤ 3 and are
located in the shallow subsurface (i.e., in the uppermost 500 m). Between
500 m and 2 km depth, few earthquakes were recorded, but below that
seismicity increases again. These deeper earthquakes coincide with the
upper part of one of the resistive features in the electrical conductivity
model and follow the lateral extension of this body (Figure 8).
The two large resistive features below Aluto and the Gademotta caldera
(Figure 8) are interpreted as partially crystallized igneous bodies in the
crust. Resistive bodies in the close vicinity of active volcanoes have been
reported beneath Boset in the Northern Main Ethiopian Rift (EAGLE pro-
ﬁle, Whaler & Hautot, 2006), and worldwide (Aizawa et al., 2014; Díaz
et al., 2015). The electrical resistivity of gabbro at crustal pressure and
temperature regimes has been estimated at 300–1,000 Ωm in laboratory experiments by Dai et al. (2015).
At the Gademotta caldera, no recent volcanic activity has been reported (Woldegabriel et al., 1990); there-
fore, the presence of a cooled igneous body (which would have higher electrical resistivity) is reasonable.
Mahatsente et al. (1999) reported a positive Bouguer anomaly in the CMER (see Figure 9), and Peccerillo
et al. (2003), Cornwell et al. (2006), Mickus et al. (2007), Lewi et al. (2016), and others have interpreted
such higher-density bodies as crystallized gabbroic crustal magmatic intrusions. The 3-D modeling of the
gravity data by Mahatsente et al. (1999) included only one high-density body swelling up from the upper
mantle directly below Aluto but did not ﬁt a second positive anomaly in their data further to the west
that could be associated with the resistive Gademotta caldera. Unfortunately, the sparser data sampling
of the gravity measurements on the ﬂanks of the rift does not match the density of the MT sites (see
Figure 9), making a joint inversion of MT and gravity data that could provide constraints on both shape and
depth extend of these bodies unfeasible. Time scales for the cooling of crustal magma bodies with equiv-
alent volumes are estimated around 100 ka (Krumrei et al., 2006; McBirney, 1996), which is well within the
time frame of the post-caldera stage of Aluto (Fontijn et al., 2018). Daly et al. (2008) found exceptionally
low Vp∕Vs values beneath Aluto at 12 km depth consistent with the presence of cooled maﬁc intrusions,
Figure 8. The Central Main Ethiopian Rift with the inferred position of crustal igneous bodies and magma pathways.
Red dots: Volcanic vents; black lines: Fault lines; yellow squares: MT stations; small black circles: Seismic events from
ARGOS experiment (Wilks, Kendall, et al., 2017). SDZF = Silti Debre Zeyt Fault Zone.
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Figure 9. Bouguer anomaly data, reproduced from Mickus et al. (2007); upper panel: Map view with the location of MT
stations (triangles) and gravity measurements (black dots). Interpolation used a Delauney triangulation. Lower panel:
Extracted Bouguer anomaly at MT stations along proﬁle. The long wavelength trend with a high over the rift center
should be attributed to the upwelling of the asthenosphere under the rift, but the smaller positive anomalies
(at stations RV012 and M33) can be explained by crustal high-density bodies.
and generally low ratios in the lower crust. In fact, their values are even smaller than those expected for cooled
maﬁc intrusions, but they note that their values are lower than those obtained in other tomographic studies
(e.g., Stuart et al., 2006).
8.2. The Conductor Under the SDZF Close to Butajira
Samrock et al. (2015) proposed the presence of a good conductor under the SZDF 40 km to the west of Aluto
through forwardmodeling of tipper data on and around the volcano. Apart fromanumber of active faults, the
SDZF is characterized by a large number ofmonogenetic vents connected to the failed Quaternarymagmatic
Butajira segment (Keir et al., 2015; Rooney, 2010; see Figure 8). The distribution of these scoria cones and the
elongation of the volcanic ﬁelds in theMER have been analyzed byMazzarini and Isola (2010), Mazzarini et al.
(2013, 2016). They concluded that oﬀ-axis volcanic ﬁelds located closer to the rift margins have a high vent
density but only moderate strain rates, whereas areas closer to the rift axis (e.g., the WFB) are characterized
by higher rates of seismicity. The orientation of the volcanic ﬁelds is subparallel to the actual rift axis, showing
rotation angles of about 15–20∘, which is explained by preexisting crustal weaknesses and/or the geometry
of the underlying magma reservoir. Our proﬁle data and 2-D model cannot indicate the along-rift extent of
this conductive feature.
Findings from ambient seismic noise studies (Kim et al., 2012) reveal mid-crustal low-velocity zones beneath
the SDFZ. Stuart et al. (2006) ﬁnd a high Vp∕Vs ratio (2.06) indicating the presence of crustal melt. Dugda et al.
(2005) were unable to identify seismic phases needed to infer Poisson’s ratio at site BUTA (Butajira); in Afar, the
low amplitude of these phases was attributed to attenuation by abundant lower crustal melt (Ebinger et al.,
2017). Consistent with geochemical analyses (Rooney et al., 2005, 2007) and the vent clustering (Mazzarini
et al., 2013), magma ascent below the SDFZ is more complex with various depth levels of magma stalling,
fractionation, and crystallization. Note that the limited depth resolution beneath the SDFZ conductor means
we are unable to constrain reliably the depths or volumes of magma there.
HÜBERT ET AL. 10
Journal of Geophysical Research: Solid Earth 10.1029/2017JB015160
8.3. The Wonji Fault Belt and the Eastern Edge of the Rift
On the eastern part of the transect, only subtle lateral changes in the electrical conductivity are observed
below theWFB,which is both an area of increased seismicity andmonogenetic vents (see Figure 2). There is no
change in electrical resistivity associatedwith theborder fault on theeastern shoulder of the rift,which is quite
surprising as cross-rift seismic and MT proﬁles further north detected much sharper boundaries (Mackenzie
et al., 2005; Whaler & Hautot, 2006). The electrical conductivity structure on the eastern ﬂank of the CMER is
mostly a layered sequence of resistive-conductive-resistive units, representing diﬀerent volcanic products of
various past eruptions. Amore resistive (200Ωm) layer in the very shallow subsurface (<200mdepth) just east
of Aluto thins out and eventually disappears on the eastern end of the proﬁle close to Bekoji. It is overlying a
conductive feature with a thickness of about 2.5 km on top of older and less conductive units that extend to
about 10 km depth. The upper boundary of the resistive layer is mostly ﬂat with slight undulations.
8.4. Asymmetry of the Rift Shoulders
Compared to the EAGLE results 150 km along the rift to the north (Whaler & Hautot, 2006), the asymmetry of
the rift is reversed: their MT proﬁle has a sharp lateral boundary toward the Somalian plate and amore layered
structure toward the northwestern ﬂank. This type of along-strike asymmetry reversal has been reported in
the Central African Rift by Bosworth (1992) who attributed these opposing dips/alternating detachments to
pre-rift-existing weaknesses in the crust. On the surface this is reﬂected in the topography—on the EAGLE
proﬁle, the northern shoulder slopes down into the rift valley more gently than on the southern side where
a couple of steep faults decent from the Somalian plateau. The situation is reversed for the presented proﬁle,
where the northwestern border close to Butajira is composed of a sharp climb onto the escarpment and a
gentler ascent on theWFB side toward the southeast (see Figure 8). Thepresenceof ahighly conductive region
(indicatingwell-connectedmagma and/or ﬂuids present in the crust) under the southern SDZF but not under
the WFB endorses Rooney et al. (2007) theory of a more complex magma storage system under the western
part of the CMER compared to the east.
9. Conclusions
Wehaveusednewly collectedbroadbandand longperiodMTdata alonga110 km transect crossing the active
post-caldera stage volcanoAluto to image theunderlyingelectrical resistivity structureof theCMER. Thedom-
inant feature in themodel is a subvertical conductor (< 10Ωm resistivity) below the SDZF. Model assessment
using forward modeling of perturbed resistivity distributions shows that MT data along most of the proﬁle
is sensitive to this conductor. Conductive anomalies with this amplitude are very likely to be associated with
partial melt and/or ﬂuids in dikes or faults and will aid in further investigation of the structural relationship to
the Butajira volcanic ﬁeld. Below Aluto, there is no conductive region at 5 km depth where magma storage is
indicated by a number of other investigations including InSAR, seismology, and CO2 degassing studies. This
implies that the predominantly peralkalinemelt is present in a highly crystallizedmush or disconnectedmelt
pockets. Relatively low water content (< 4 wt%) also leads to higher melt resistivities. The MTmodel includes
two resistive bodies in the upper crust below Aluto and further to the west under the extinct Gademotta
caldera. Including theobservations and results frompreviousgravity studies,we suggest that thehigh resistiv-
ities are caused by large, cooled igneous bodies that have intruded the crust. Furthermore, themodel images
a sharp lateral resistivity contrast with higher resistivities outside the rift on thewestern ﬂank below the steep
escarpment close to the active boundary faults. The easternpart of the rift and theWFBare dissimilar by show-
ing no lateral resistivity changes, which is in contrast to an MT model from the northern MER that showed a
steep change on the eastern ﬂank and more a horizontally layered structure to the west. These observations
might be indicative of alternating detachments along the rift and an asymmetric stress accumulation across
the rift.
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